While there is no doubt among evolutionary biologists that all living species, or merely all living species within a particular group (e.g., animals), share descent from a common ancestor, formal statistical methods for evaluating common ancestry from aligned DNA sequence data have received criticism. One primary criticism is that prior methods take sequence similarity as evidence for common ancestry while ignoring other potential biological causes of similarity, such as functional constraints. We present a new statistical framework to test separate ancestry versus common ancestry that avoids this pitfall. We illustrate the efficacy of our approach using a recently published large molecular alignment to examine common ancestry of all primates (including humans).
There are at least two ways in which sequence similarity can mislead formal statistical tests and overstate the strength of evidence in favor of CA. First, the process of sequence alignment injects gaps into the sequences to account for an unknown history of insertions and deletions along different lineages. The gaps are selected so that the aligned sequences are maximally similar subject to some constraints. If the alignment process mistakenly separates bases in different species that should be directly compared, then the strength of evidence for CA could be overstated. However, this possible source of potential overconfidence is negligible when there is little alignment uncertainty and is easily handled by excluding regions where alignment uncertainty is relatively high. A second and more serious concern is if sequence similarity were due to a biological cause other than common ancestry. Yonezawa and Hasagawa demonstrated that Theobald's methods favored CA over SA even when comparing unrelated mitochondrial genes (cytb and nd2 from cow, deer, and hippopotomous) that were aligned without gaps by simply truncating the end of the longer sequence (Yonezawa and Hasegawa 2010) . In this instance, Theobald's methods were misled by the distinct preferences in nucleotide base composition by codon position common to all protein-coding mitochondrial genes (Theobald 2010b) . In particular, nonidentical base distributions at each site contradict a key assumption underlying the likelihood model used for SA by Theobald. One can also imagine when considering a hypothesis of SA that comparable genes with similar functions in separate species could have similar sequences due to functional constraints rather than to CA. In light of all of this criticism, the community remains without a thoroughly convincing statistical method to demonstrate universal CA, whether among all domains of life or for more specific sets of species.
To address this void, we propose novel statistical tests for CA that are related to the approaches put forth by Theobald, but avoid objections raised by others. In particular, using our methods, an exact agreement among sequences is uninformative and unable to reject SA because complete agreement is as equally well explained by strong functional constraints as by CA. The first method we propose uses the Bayesian information criterion (BIC) under a novel likelihood model that allows for site-specific stationary distributions.
For the second method, we develop a bootstrap approach to simulate the null distribution of a parsimony-based test statistic to quantify statistical evidence.
Rather than addressing the question of a single universal common ancestor for all domains of life, we decided to focus instead on primate CA. This choice facilitates method development because of the ready availability of large aligned data sets. Additionally, it becomes reasonable to ask the specific question of how strongly molecular sequence data support the inference that the human species shares CA with other primates. The methods in this paper are separate and distinct from those in companion papers Bontrager et al. 2015) that examine CA in primates using alternative statistical methods.
Before describing our methodology in more detail, we look a bit more closely at the Theobald approach to clarify how we overcome the objections raised by previous authors.
Likelihood in Theobald (2010)
Theobald finds support for CA using LRTs, Bayes factors, and AIC. Each of these tests depends on the evaluation of the likelihood of the sequence data under a model. To illustrate the use of likelihood in this setting, consider the following 10-base sequence which is found at the beginning of both the human and chimpanzee ABCA1 gene:
TGTGTCTCAC. Using maximum likelihood, the stationary base composition would be estimated as (0.1, 0.3, 0.2, 0.4) for bases A, C, G, and T, respectively, for both the CA and SA models. For CA, this distribution is estimated by the observed relative frequency of nucleotide base usage over the entire data set. For SA, the human and chimp distributions are estimated separately. However, because, in this case, the nucleotide usage is identical for both sequences, the estimated distributions also agree. Under the CA model, the observed data would have the following maximum likelihood
where the branch length and susbstitution parameters would be estimated so that there is probability one of no sequence changes from common ancestor to both chimpanzee and human. Under the SA model, this ancestral sequence would be generated at random twice and the maximum likelihood would be
resulting in a difference in log likelihoods of 12.8, with the CA model more likely, even though the SA model has more parameters than the CA model (potentially two distinct stationary distributions and potentially two distinct models for nucleotide substitution).
Neither model is nested within the other and conventional distributional results about LRT statistics do not apply. The reason the models are not nested is that no parameters of the larger SA model guarantee a common ancestral sequence for both humans and chimpanzees. Nevertheless, any of Theobald's three approaches would have found these short sequences to be statistically significant in favor of CA versus SA on the basis of the sufficiently large difference in log likelihoods. Theobald finds strong evidence for CA because comparable sequences are more similar to each other than would be expected if they were generated independently using the same distribution for each site in the sequence.
We make a fundamentally different assumption about the nature of ancestral sequences. Under the SA hypothesis, we suppose that the collection of observed sequences are shaped by unspecified biological constraints. Specifically, we assume that each site in an ancestral sequence has its own probability distribution of possible bases which we estimate independently of data from other sites.
In this small example with the first ten bases of the ABCA1 gene for humans and chimps, there is no sequence variation. With our approach, the SA model requires the exact sequence TGTGTCTCAC at the two ancestral sequences and the maximum likelihood fitted model allows no nucleotide substitution. The null sampling distribution of human and chimpanzee sequences under this estimated model has no changes among the sequences with probability one and the observed data is consistent with the null hypothesis of SA.
Essentially, our approach completely discounts all sites that have no variation, thus avoiding the primary criticisms of Theobald's methods. We derive information for CA versus SA from sites that vary. Our first method uses BIC with a likelihood model with site-specific stationary distributions. Our second method simulates the null sampling distribution of a parsimony-based measure of sequence differences among groups assumed to have SA generated from a site-specific model of SA and compares this distribution to the observed parsimony measure from the original sequences.
Primate phylogeny
A recent publication (Perelman et al. 2011 ) contains a molecular phylogeny of primates created using 54 nuclear genes and 191 taxa including 186 primate taxa from an alignment of 34,941 base pairs that the authors reduced from a larger alignment after discarding sites with great alignment uncertainty. Sequence data included roughly equal amounts of coding and noncoding sites, mostly from autosomal regions of the genomes, but with a few thousand sites from both X and Y chromosomes. No taxon was sampled for all 54 genes (humans are the most sampled with 53 genes) and many taxa have long stretches of missing data. We use the same alignment of data subject to further modifications to eliminate outgroups and combine subspecies as described in Methods, resulting in a final alignment with 178 taxa, each of which we consider to be a single species, and 34,860 sites.
The order Primates is divided into two suborders, Haplorrhini (dry-nosed primates, including tarsiers, New World and Old World monkeys, and apes) and Strepsirrhini (wet-nosed primates, including galagos, pottos, lorises, aye-aye, and lemurs). The primate taxonomy literature does not agree uniformly on the definitions of families. We choose to follow the most widely held conventional taxonomy of the 16 families described in Table 1 as our working definition. Switching to alternative family definitions as used elsewhere in 
BIC test for common ancestry
Both formal testing methods we introduce can be used to compare CA versus SA at multiple levels of taxonomy. For each such test, we partition the taxa into two or more groups. Both hypotheses assume a tree-like speciation process within groups with species within each group descended from a most recent common ancestor. The difference is that universal CA assumes that the groups are all related in a single tree, whereas SA posits separate origins for each group (see Figure 1 ).
The BIC method estimates a single tree topology from all 178 taxa using maximum likelihood on the concatenated data set. Within this tree, each primate suborder and
Separate Ancestry
Common Ancestry Figure 1 : Common and Separate Ancestry Models. In the separate ancestry likelihood model (left), ancestral sequences (gray circles) are unrelated subject to constraints within each group. In the common ancestry model (right), there is a single ancestral sequence. Dashed branches represent the tree that connects the ancestors of each group.
family is monophyletic. The maximum likelihood tree topologies for any group of taxa in both the CA and SA models are assumed to match the corresponding subtree from this single maximum likelihood tree, but branch length parameters are estimated separately for each gene and the subset of taxa with data for that gene. The CA model includes a single nucleotide substitution model for each gene. The SA models include separate substitution models for each gene and group. Both the SA and CA models have a separate stationary distribution for each site. In the CA model, there is a single ancestral sequence, represented graphically as a single gray dot on the right tree in Figure 1 , drawn at random from the empirical distributions by site across all taxa. In the SA model, there are separate draws from the empirical distributions by site across all taxa for the ancestor of each group, represented by the multiple gray dots on the left trees in Figure 1 . For both models, the likelihood is recalculated for each site. The BIC score is computed for each model as
where (g, model) is the (natural) log likelihood for the corresponding model and gene g, p(g, model) is the number of parameters estimated for gene g for the given model, and n g is the number of sites for gene g. The model with the lowest BIC score has the most support and the difference in BIC scores between models determines the posterior probability of each model given equal prior probabilities of each. Further details are in Methods.
Parsimony difference test for primate common ancestry
The parsimony difference test uses as a test statistic the portion of the parsimony score that can be attributed to changes among the group ancestors and not within the groups. We calculate this by subtracting the sum of parsimony scores maximized over individual groups from the maximum parsimony score of the best tree for all taxa. The parsimony difference score may be thought of as the total number of nucleotide substitutions that would be mapped to the best tree relating group ancestors (the dashed branch tree in the right of Figure 1 ). As universal CA posits that group ancestors are related by such a tree and SA does not, CA predicts this score will be smaller than SA does.
In order to test SA versus CA, we treat SA as the null hypothesis and CA as the alternative. Consequently, all calculations of p-values assume SA. In brief, separately for each SA group we fit a maximum likelihood model of nucleotide substitution that accomodates site-specific information of nucleotide base usage to account for functional and biological constraints. We then simulate a large number of data sets for each group under these fitted models and approximate via this simulation the null sampling distribution of the test statistic. This allows us to assess significance of the actual data relative to these hypotheses. Model and calculation details are in Methods.
We examined common ancestry among primates at three different taxonomic levels. 
Results and discussion
BIC test of common ancestry The CA model provides the best explanation of the data among the models explored. In a direct comparison between the CA model and the family SA model, an observer that thought a priori that both models were equally valid will, after evaluating the sequence data, be essentially certain that CA is correct: the posterior probability for the family SA model is about e −20,854.95/2 . = 10 −4528.6 . Similarly, CA is essentially certain relative to suborder SA which has posterior probability about 10 −124.6 .
Parsimony Difference Test: Strepsirrhini/Haplorrhini Common Ancestry
The maximum likelihood trees for the 140 taxa in the haplorrhini and 38 strepsirrhini suborders, pruned to the family level for simplicity, are displayed in Figure 2 .
Files containing the full trees with estimated branch lengths, estimated nucleotide Figure 3 and has mean 3415.0 and standard deviation 40.0. The corresponding test statistic is 1097 which is 57.9 standard deviations below the mean. Assuming the left tail of the null sampling distribution is described well by a normal distribution, the corresponding p-value is about 10 −1680 . There is overwhelming support against separate ancestry in favor of common ancestry between the two primate orders. To consider this evidence from another perspective, if haplorrhini and strepsirrhini had unrelated ancestors whose ancestral sequences were constrained in similar fashion to their modern day descendendents, then in the context of a best-fitting likelihood model of nucleotide substitution, we would expect the unobserved ancestral sequences to differ in about 3500 sites (out of the nearly 35,000 sites considered), give or take a hundred or so.
However, the actual data is consistent with ancestral sequences that differ in only about Parsimony Difference Test Statistic 1100 sites, which is much more plausibly explained by descent from a common ancestor than by chance. Indeed, the probability of the observed result under our SA model is about the same as that of correctly choosing at random one atom from all of the approximate 10 80 atoms in the visible universe 21 times in a row.
Parsimony Difference Test: Primate Family Common Ancestry
We next test SA among the 16 primate families from Figure 4 and has mean and standard deviation 13,422.3 and 45.9, respectively. The actual data has a parsimony difference score of 10,125, which is 71.8 standard deviations below the mean.
Assuming accurate normal behavior in the tail of the true sampling distribution corresponds to a p-value of 10 −2581 . The evidence against SA among primate families is even stronger than the evidence against SA between the two primate orders. SA predicts that the best possible tree connecting primate family ancestral sequences would contain well over 13,300 sequence changes on the tree. However, the real data can explain differences among these ancestral sequences with only just over 10,000 changes.
Acceptance of SA means believing a chance occurrence less likely than correctly identifying an atom from the universe 32 times in succession has occurred, which is truly overwhelming evidence against SA in favor of CA among primate families.
Parsimony Difference Test: Human Common Ancestry
Finally, we turn to the question of SA for Homo sapiens from all other primates.
For this test we consider a maximum likelihood tree for the 177 non-human primates in this data set. Summaries of this tree and associated substitution model parameters and ancestral sequence distribution probabilities are in supplementary materials. The Parsimony Difference Test Statistic one-taxon human maximum likelihood tree is a single node with no branches where the human sequence is identical to its ancestor sequence. Effectively, the method of this paper for this case involves simulating sequences for all non-human primates and determining the parsimony cost of adding the genuine human sequence to the best tree among other primates for each simulated data set.
The sampling distribution of the test statistic has mean 2203.3 and standard deviation 22.0 (see Figure 5 ). The real human sequence adds only 136 to the parsimony score when aligned with the real primate sequence data, which is 93.9 standard deviations below the mean. The normal distribution approximation for the p-value is 10 −4413 and the evidence against SA of humans and other primates is overwhelming. The chance of simulating data in the nonhuman primate tree as close to the real human sequence as the actual primate data is uncomprehendlingly small. While accounting for site-by-site sequence constraints among primates, SA predicts that the human sequence will differ by about 2200 changes from the best place it might attach to a simulated primate tree. The actual small distance between the real human sequence and the real sequences of other primates is wholly inconsistent with the assumption of SA, and is explained most plausibly by CA.
We considered one additional alternative test of human SA. For this test, we simulated 1000 pseudo-human sequences by replacing non-gap human sequence nucleotides with called bases selected at random from the other primate sequences at each site, creating a collection of chimeric primate sequences. For each such sequence, we found the parsimony difference statistic with the original non-human primates and examined their distribution. The mean and standard deviation were XXX and XXX. The real human sequence score is XXX standard deviations below the mean. We infer from this test that the real human sequence is better explained by CA with all primates, because sequences generated independently are much further from other primate sequences than is the genuine human sequence, even while adjusting for site-specific nucleotide base usage patterns.
Conclusions
We have developed novel statistical approaches to test CA versus SA from aligned DNA sequences based on maximum likelihood estimation, BIC, and parametric bootstrapping of a parsimony difference test statistic. Our model treats nucleotide base probabilities separately at each site in order to account for biological constraints that limit nucleotide usage differently by site.
We find overwhelmingly strong evidence against SA in favor of CA in primates at both the subordinal and family levels. Additionally, we find common ancestry between primate orders and among primate families. We find very strong statistical evidence against a hypothesis of SA of humans from other primates, This supports the conventional view that humans are closely related to other primates rather than deriving from an independent origin event.
Methods

Data Preparation
We obtained an alignment that consists of 54 nuclear genes and 191 taxa including 186 primate taxa for a total of 34,941 base pairs (Perelman et al. 2011) . We modified the alignment to meet our needs to examine CA among primates first by eliminating the five outgroup species. Then, we eliminated the 81 sites with no called bases -these were sites where the outgroups had sequence data, but the primates did not. Next, to eliminate potential bias in our tests due to the inclusion of multiple subspecies of a single species, we created a single sequence per species in such a way as to maximize retained information.
This process entailed combining six pairs of taxa and one triplet of taxa, reducing the number of taxa in our study by eight. Specifically, we combined sequences from: (1) for about 99.9 percent of sites, so we are confident that using sequence data from one subspecies where another is missing provides a highly accurate reconstruction. In the few sites where measured bases disagreed, we used the more specific base when the base codes were compatible (for example, A and R became A) and introduced base uncertainty when there was discordant information (for example, C and T became Y). The final alignment contained 178 species and 34,860 sites.
Models for the BIC test
The BIC test requires likelihood models for the CA and both SA hypotheses. We found the maximum likelihood tree using the full concatenated aligned data set using RAxML version 8.0.24 (Stamatakis 2014) . Each suborder and each family from Table 1 was monophyloletic in this tree topology, which we used as a constraint for subsequent analyses. We estimated branch lengths and substitution model parameters separately for each gene and hypothesis using RAxML and the GTR + Γ model of nucleotide substitution in the following way. For the CA model, we estimated branch lengths for a single tree for all available taxa and parameters from a single substitution model. The suborder and family SA models estimated separate branch length and substitution model parameters for each group (2 groups and up to 16 groups, respectively). One exception was for families with fewer than four taxa with data available for a given gene, which was too few taxa to run RAxML. In these cases, branch lengths and substitution parameters were used from the entire concatentation of data for two or three taxa. With zero or one taxa, there are no branch lengths or substitution parameters to estimate. Another exception was when one or more GTR parameters were estimated as zero, which happened for some short genes and small families. In this case, we replaced parameter values with GTR parameter estimates using all data from the gene. We then recalculated the likelihood of each tree for each model and gene with these estimated branch lengths and substitution model parameters, but replaced each stationary distribution with the empirical relative frequencies at each site for each model and group, using the pml() function in R package phangorn (Schliep 2011; R Core Team 2013) .
For a gene with m total taxa and n sites, the CA, suborder SA, and family SA models all have 3n parameters for the site-specific stationary distributions. The CA model also has 2m − 3 branch length parameters and 6 parameters for the substitution model (less the stationary distribution) for a total of 2m + 3n + 3. The suborder SA model has 2m − 6 branch lengths and 12 substitution model parameters for a total of 2m + 3n + 6.
For a gene with sequences from x families, the family SA model has 2m − 3x branch lengths and 6x substitution model parameters, totalling 2m + 3n + 3x parameters before reducing for the exceptions mentioned earlier. Using the likelihoods and parameter counts for each gene and model, the BIC score for each model is calculated using Equation 1.
Models for the parsimony difference test
The CA hypothesis assumes that group ancestors descended in a tree-like fashion from a single common ancestor and that all species are related by a single universal tree. The probability distribution of the one ancestral sequence at the root of the tree is independent for each site, but not identically distributed. Each site has a separate probability distribution for the ancestral state that is estimated as the conditional distribution of the ancestral state given the maximum likelihood tree and the observed sequence data at each site. Sequences at group ancestors are modeled to have undergone the same substitution process as within groups while evolving along a tree from a single common ancestor.
The SA hypothesis assumes that the group ancestral sequences are created separately and independently. The distribution of each separate ancestral sequence is estimated on a site-by-site basis as the conditional distribution of the ancestral state given the maximum likelihood tree for the group and the observed sequence data within the group. Furthermore, the SA hypothesis assumes separate parameters for the nucleotide substitution process for each group. We assume a null hypothesis of SA and determine if there is sufficient evidence in the data to reject SA in favor of CA.
Sequence changes within groups are modeled to follow a conventional phylogenetic likelihood model of nucleotide substitution, the general time reversible model with gamma-distributed rate variation among sites (GTR+Γ). We used RAxML version 8.1.17 (Stamatakis 2014) to estimate phylogenies and nucleotide substitution parameters. Unlike conventional likelihood models, we use the existing sequence data to estimate the ancestral sequence for simulation instead of sampling the ancestral sequence from the stationary distribution. We do this so that nucleotide base usage in simulated sequences mimics the actual usage on a site-by-site basis in order to better simulate realistic sequences that are more likely to adhere to unspecified biological and functional constraints.
Estimated trees are unrooted. We root the trees using midpoint rooting in which the midpoint is midway on the longest path between any two tips. Given a rooted estimated likelihood tree, estimated substitution model parameters, and an alignment, for each site we calculate separately the conditional distribution of the nucleotide base at the ancestral root. The algorithm for this calculation is similar to the first step of simulating unobserved sequences in (Nielsen 2002) . As the total distance from ancestral tree root to tips of the tree is fairly short (much less than one expected change per site), the effect is that while simulating sites where observed data show no variation, the simulated ancestral state is overwhelmingly likely to agree with the observed data and there is a very high chance that the simulated bases at the tree tips will also show no variation.
The real data also has characteristics of missing data. As not all genes were sequenced for all taxa and as a history of small insertions and deletions require the addition of gaps in the alignment, the real alignment has symbols '-' to represent insertions or deletions and '?' to represent nucleotides assumed to be present, but unmeasured.
Models for the substitution process only, as in this paper, treat these forms of missing data identically. Furthermore, a small fraction of the alignment contains symbols such as 'R' or 'Y' to indicate uncertainty in the called base. We do not attempt to simulate insertions and deletions, but rather overwrite in simulated data gaps and question marks where the real data has such missing data. We use partially called bases when estimating ancestor sequence probabilities, but replace all such symbols with gaps, in both simulated and real alignments, before computing parsimony scores to eliminatate the potential effects of such partially called bases.
To illustrate how features in the real data are preserved in the simulations, the following shows the first 11 sites of the ABCA1 gene for the simulated Homo sapiens sequence from the parsimony difference test of SA between primate orders, which includes a gap in the 5th site, and corresponds to the real human sequence aligned as TGTG-TCTCAC. The simulated haplorrhini ancestor sequence at these sites is drawn independently at each site from the following distributions. A 0.00 0.28 0.00 0.02 0.25 0.00 0.00 0.00 0.00 1.00 0.33 C 0.31 0.00 0.00 0.01 0.25 0.39 1.00 0.00 1.00 0.00 0.22 G 0.06 0.72 0.00 0.97 0.25 0.00 0.00 0.00 0.00 0.00 0.44 T 0.62 0.00 1.00 0.01 0.25 0.61 0.00 1.00 0.00 0.00 0.00
We see that the simulated sequences tend to contain nucleotides at each site that are common among the genuine haplorrhini sequences. For example, at sites 3 and 7-10, all haplorrhini have the same nucleotide and the simulated human sequence almost always agrees. There is one exception in site 10 of the 8th simulated sequence. Here, even though the simulated ancestor sequence was certainly an A, the simulated rate for this site and simulation must have been large enough for a substitution to occur. Similarly, there will be cases where the simulation at a site has no variation, but the real data does vary, if the simulated substitution rate is very small. But for the most part, simulated human sequences have similar base usage to the observed haplorrhini sequences at each site and simulated sites mimic the genuine sequences.
Testing Separate Ancestry
To test SA, we do the following:
11. Add gaps for partially resolved bases in the original alignment and compute parsimony difference statistic from the original data.
12. Determine z-score of the observed test statistic and find approximate normal-based p-value.
We used PAUP* version 4.0b10 for Unix (Swofford 2003) to do all parsimony calculations. Sequence simulations, graphs, and p-value calculations use R version 3.02 (R Core Team 2013) and the ape package for phylogenetics (Paradis et al. 2004) . Simulating new data from a fitted maximum likelihood model for testing is an application of the parametric bootstrap (Efron and Tibshirani 1993) .
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